INTRODUCTION 3 7
The enteric microbial community, frequently referred to as the gut microbiome, is an important 3 8
ecosystem that contributes to host behaviour (Cryan & Dinan, 2012 ; Sherwin, Bordenstein, Quinn, 3 9
Dinan, & Cryan, 2019). Recent evidence points to a bidirectional communication link between the 4 0 host's brain and their own gut microbiome, known as the microbiome-gut-brain axis (Diaz Heijtz et 4 1 al., 2011; Foster & McVey Neufeld, 2013) . Experimental alteration of the gut microbiome can impact 4 2 important behaviours and cognition, including learning, memory, anxiety, activity levels and social 4 3
interactions (Clarke et al., 2012; Diaz Heijtz et al., 2011; Desbonnet, Clarke, Shanahan, Dinan, & 4 4 Cryan, 2014; Hoban et al., 2017; Magnusson et al., 2015) , as well as cause changes to neurogenesis 4 5 (Ogbonnaya et al., 2015) and protein expression in the brain (Clarke et al., 2012; Gareau et al., 2011; 4 6 Hoban et al., 2017). Neurotransmitters and short chain fatty acids released by microbes act as signals 4 7
that can be communicated to the brain (reviewed in Cryan & Dinan, 2012) and the extent to which 4 8 signalling occurs is dependent on the microbial taxa present (Stilling et al., 2016) . Evidence of the 4 9 microbiome-gut-brain axis affecting behaviour is limited to experiments on model laboratory animals 5 0
and to correlational studies on mental health in humans (Cryan & Dinan, 2012; Foster & McVey 5 1 Neufeld, 2013) . Little is known about whether these findings can be applied to natural populations, 5 2
where microbiome-host interactions are predicted to have important effects on traits that directly 5 3 impact animal fitness (Davidson, Cooke, Johnson, & Quinn, 2018) , such as cognition (Morand-5 4
Ferron, Cole, & Quinn, 2016) and foraging behaviour (Stephens & Krebs, 1986) . 5 5 0 typically differ in their foraging strategies (Bolnick et al., 2003) . 7 1
Studies in model lab organisms show that phenotypic plasticity in cognitive performance can occur in 7 2 parallel with gut microbiome alterations caused by diet (Magnusson et al., 2015; Li, Dowd, Scurlock, 7 3 Acosta-Martinez, & Lyte, 2009). For example mice fed beef-chow had a higher microbial diversity 7 4 than those fed on normal chow, and showed improved working and reference memory (Li et al., 7 5 2009) . Observational studies also point to a relationship between diet, cognition and mood in humans 7 6 (Psaltopoulou et al., 2013; Carlson et al., 2018) , effects that may be mediated by the host gut 7 7
microbiome (e.g. Carlson et al., 2018) . Although some empirical studies have been published on lab 7 8 model systems, there is now a need for manipulative experiments using model ecological organisms 7 9
to understand how dietary induced changes in the microbiome might affect functionally significant 8 0 behaviours in the wild. 8 1
The great tit (Parus major) is a highly innovative species that has long been a model organism in field 8 2 studies on behaviour, ecology and evolution. It is also ideal for short-term laboratory studies because 8 3 they adapt well to temporary captivity (Dunn, Cole, & Quinn, 2011; Cole, Morand-Ferron, Hinks, & 8 4 Quinn, 2012; G. Davidson personal observation). 'Problem solving performance', in which 8 5
individuals must solve a technical problem to obtain a reward, is often described as being underpinned 8 6
by cognitive mechanisms (Seed & Mayer, 2017) . In wild great tits, problem solving performance 8 7 differed consistently over time and across different tasks among individuals (Cole, Cram, & Quinn, 8 8 2011) , and has been linked to a range of behaviours and fitness-related traits in the great tit, both in 8 9
the wild and in the laboratory (Quinn, Cole, Reed, & Morand-Ferron, 2016; Cole et al., 2012; Dunn et 9 0 al., 2011) . Quantitative genetic analysis in one population also showed that problem solving 9 1 performance was driven by positive correlations with favourable ecological conditions during the 9 2 nestling stage, including habitat characteristics strongly linked to diet (Quinn et al., 2016) . 9 3
Innovativeness is also positively correlated dietary breadth across bird species (Ducatez, Clavel, & 9 4 Lefebvre, 2015) because innovations such as problem solving performance may increase their access 9 5
to a wide range of resources (Reader & MacDonald, 2003) . If problem solvers have a wider dietary 9 6
breadth, then we predicted that they would have a more diverse gut microbiome than non-problem 9 7
solvers (Davidson et al., 2018) , although the direction of causality can also be in the opposite 9 8
direction since the microbiome can also affect behaviour directly (Cryan & Dinan, 2012) . Thus given 9 9
the links between diet, the microbiome and behaviour found in laboratory studies (Li et al., 2009 ; 1 0 0
Bruce -Keller et al., 2015) , the possible links with i) diet diversity and problem solving, and ii) habitat 1 0 1 quality and problem solving, leads to the expectation of a positive correlation between problem 1 0 2 solving and alpha diversity in the great tit. 1 0 3
Here we tested whether habitat and diet predicted gut microbiome in wild-caught great tits, and 1 0 4
whether natural and manipulated gut microbiome profiles correlated with problem solving 1 0 5
performance. First we sampled birds from both rural and urban areas, known to differ in their quality 1 0 6
as habitat for great tits (e.g. Biard et al., 2017) , and therefore we expected host gut microbiota may 1 0 7 differ in diversity, community structure (i.e. beta diversity) and/or taxa-level abundance(e.g. Teyssier 1 0 8 et al., 2018), though our replication at the site level was limited. In line with our hypotheses above, we 1 0 9
predicted a positive correlation between problem solving performance and natural microbiome alpha 1 1 0
diversity, although we also tested for differences in microbial community structure 1 1 1 similarity/dissimilarity (i.e. beta diversity) and taxa-level relative abundance between solvers and non-1 1 2
solvers. Second, we manipulated the diet of wild-caught great tits to test whether microbiota 1 1 3 community structures became more dissimilar, and whether phylum-level and genus-level taxa 1 1 4 changed within and between treatment groups. Given the seed diet was higher in fat, protein and fibre 1 1 5 content than the insect only diet, we expected these individuals to have higher alpha diversity, higher 1 1 6
Firmicutes and lower Bacteroidetes if similar dietary effects occur in great tits as have been reported 1 1 7 in humans (e.g Clarke et al., 2014 ). Third, we tested whether a change in the gut microbiome as a 1 1 8
consequence of the manipulated diet influenced problem solving performance by presenting these 1 1 9 birds with the same task again. We predicted that if the gut microbiome influenced host behaviour, 1 2 0 rather than the dietary treatment itself doing so, then a change in behaviour should specifically be 1 2 1 associated with the same metrics of the gut microbiome as those that were changed as a result of 1 2 2 dietary manipulation. 1 2 3
MATERIALS AND METHODS 1 2 4
Subjects 1 2 5
Thirty six great tits were captured between January and March 2017 across four sites. Two sites were 1 2 6
within Cork city (urban), 1.6 km apart, and two were in deciduous woodlands (rural) 23 km apart, and 1 2 7 located at least 23km from the urban sites. All birds were banded with rings issued by the British 1 2 8
Trust of Ornithology for individual identification. Upon capture, birds were transported to the aviary 1 2 9
facilities at University College Cork and singly-housed in wire cages (45 × 50 × 60 cm) containing 1 3 0 two wooden perches. 1 3 1
Faecal sampling 1 3 2
Faecal samples were collected within 1 hour of arrival into the aviary, and again on Day 12 of 1 3 3 captivity. A clean sheet of brown paper was placed on the floor of each cage for faecal collection. 1 3 4
Paper was used in order to soak liquid urea away from the faecal matter as urea can act as a 1 3 5 downstream inhibitor to amplification (Khan, Kangro, Coates, & Heath, 1991) . Using sterile 1 3 6
inoculation loops, we transferred the faecal matter into tubes containing 1ml of 100% ethanol and 1 3 7 stored tubes at -20 degrees Celsius. 1 3 8
Dietary manipulation 1 3 9
From day 2-13 of captivity, birds were given one of two different dietary treatments designed to 1 4 0 reflect ecological variation seen in the wild, for example changes in the availability of seed or animal 1 4 1 food sources (Perrins, 1991; Vel'ky, Kanuch, & Kristin, 2011) , or perhaps reflecting potential 1 4 2 individual differences in dietary specialisations (Serrano-Davies, O'Shea, & Quinn, 2017): 1) Seed 1 4 3 and suet, n = 17; and 2) Insect diet, n = 19. The insect diet consisted of wax moth larvae (Achroia 1 4 4 grisella) and mealworm larvae (Tenebrio molitor). Notably, these different diets different in the 1 4 5
relative content of protein, fat and fibres (Table S1 ), features of diets that have previously been 1 4 6 associated with differences in host microbiota in mammals (Singh et al., 2017) . Mealworms were 1 4 7 provided ad libitum, and five wax worms were provided each morning and each evening (except 1 4 8 during the problem solving task). The seed diet consisted of sunflower hearts, peanuts and suet. We 1 4 repeated measures, was positively correlated with alpha diversity (Shannon: z=2.22, p=0.03; Chao1 3 0 4
z=2.13, p=0.04, observed species z=1.96; p=0.06) (Table S2 , Figure 4a ,b,c), and beta diversity 3 0 5
(weighted unifrac: R2= 0.12, p<0.01, unweighted unifrac and Bray-Curtis: R2=0.07, p<0.01) ( Table  3  0  6 S5, Figure 3 ). Phylum-level and genus-level relative abundance was not associated with PSP. 3 0 7
Birds assigned to the seed group solved more than the birds assigned to the insect group (z=2.22, 3 0 8 p=0.03), and birds tended to be more likely to solve on day 1 than day 12 (z=1.93, p=0.054), though 3 0 9
this effect was likely driven by the post-diet insect group ( Figure 5 ). There was a tendency for 3 1 0
juveniles to solve more than adults (z=1.94, p=0.053). Neither the interactions between habitat, nor 3 1 1 between experiment day and diet were significant (Table S2 , supplementary). PSP was not attributed 3 1 2
to differences in motivation to consume the food reward as all birds were equally likely to consume 3 1 3
the same reward when it was made freely available to them, regardless of dietary treatment and 3 1 4 experiment day (diet z=1.18, p=0.24, experiment day z=0.85, p=0.40), nor was performance attributed 3 1 5
to individual baseline or stress-induced blood-circulating corticosterone levels measured as part of a 3 1 6 separate experiment (in prep, preliminary analysis available on request). 3 1 7 DISCUSSION 3 1 8
We demonstrate that an experimentally induced dietary change caused significant alterations to the 3 1 9
gut microbiome diversity, and to phylum-and genus-level abundance in a wild bird species, which in 3 2 0 turn was correlated with reduced innovative behaviour. To our knowledge, this is the first 3 2 1 experimental evidence from a non-model lab organism that i) microbial communities in the gut are 3 2 2 influenced by diet, and ii) gross microbiota composition influences a behavioural trait, in this case 3 2 3 problem solving performance. We discuss these findings in the context of foraging ecology, the 3 2 4 microbiome-gut-brain axis, and environment-behaviour interactions. 3 2 5
Diet and the microbiome 3 2 6
Seasonal and geographic differences in gut microbial communities in wild mammals have been 3 2 7
attributed to changes in food availability (Amato et al., 2015; Maurice et al., 2015; Hicks et al., 2018) .
In a population of wild birds temporarily taken into captivity, we show that changes in microbial 3 2 9
community composition are sensitive to dietary changes, independent of other factors that may differ 3 3 0
with seasonality and impact on gut microbiota, such as hormonal differences (Escallon, Belden, & 3 3 1 Moore, 2019), because the changes here were recorded under controlled conditions over a two week 3 3 2
period. We show that phylum-level and genus-level diversity changes to the gut microbiome were 3 3 3 caused by the diet, which may be attributed to differences in relative protein, fat and fibre content 3 3 4
( Clarke et al., 2014; David et al., 2014) . We found higher abundance of Bacteroidetes present in 3 3 5
subjects with lower fat, protein and fibre intake, a finding in line with Clarke et al (2014); in contrast 3 3 6
to that study, however, we did not find a decrease in Firmicutes, and found an increase in 3 3 7
Proteobacteria. These differences in dietary effects on the gut microbiota may be due to differences in 3 3 8 the core microbiome between birds and mammals (Waite & Taylor, 2014) , and the type of fat and/or 3 3 9
fibre (reviewed in Singh et al., 2017) .
Birds in the insect only diet showed a decrease in alpha diversity, perhaps because the diet itself was 3 4 1 less diverse than the seed and nut diet. While birds in both the seed and insect diets showed both 3 4 2 decreases and increases in genus-level abundance, only birds given the insect diet showed significant 3 4 3 changes in diversity and phylum-level abundance. This could perhaps be explained because our birds 3 4 4
had already been taking seeds at the feeders we used to lure them for capture, and because great tits 3 4 5 consume a high proportion of plant-based foods in the winter (Vel'ky et al., 2011) . The use of garden 3 4 6 feeders in both urban and rural environments may also explain why there were no rural versus urban 3 4 7
habitat differences in alpha diversity. There was, however, a significant difference in beta diversity as 3 4 8
well as a higher proportion of Actinobacteria in urban birds compared to rural birds, similar metrics to 3 4 9 those that have previously been shown to be related to urban environments in house sparrows (Passer 3 5 0 domesticus) (Teyssier et al., 2018) . While our experiment in captivity aimed to mimic variation in 3 5 1 individual food consumption, or in seasonal food availability, in the wild longitudinal sampling of 3 5 2
individuals across seasons would be necessary to confirm whether similar microbial taxa changes 3 5 3
would occur under natural conditions, particularly given that the invertebrate species accessible in the 3 5 4
wild would differ from those provided in our experiment. Whatever the reason for limited effects of 3 5 5
habitat on the microbiome, our manipulation showed clearly that diet does modify the microbiome in 3 5 6
this model species in field ecology, and that more generally environmental drivers of variation in diet 3 5 7
may play a significant role in driving these effects. 3 5 8
Problem solving performance and the microbiome 3 5 9
Dietary manipulation in this experiment affected not just the gut microbiome but also the likelihood of 3 6 0
solving. Those on the insect-only diet had reduced microbiome diversity and were less likely to solve, 3 6 1 suggesting a potential causal link whereby the dietary induced reduction in the microbiome may have 3 6 2 impeded problem solving behaviour via the microbiome-gut-brain axis. Our results showed that the 3 6 3
indices of microbial community diversity that decreased as a consequence of diet (i.e. Chao1 index, 3 6 4 beta diversity) were the same metrics that were associated with variation in problem solving 3 6 5
performance. Proteobacteria and Bacteroidetes increased following an insect-diet, but these two phyla 3 6 6
were not associated with problem solving performance, nor were the genus-level microbial taxa that 3 6 7
were altered as a consequence of diet, suggesting that the microbial community structure as a whole 3 6 8 may be important for regulating behaviour. 3 6 9
Motivation can influence problem solving performance (reviewed in Griffin & Guez, 2014) and an 3 7 0
all-insect diet may have decreased motivation to engage in the problem solving task baited with an 3 7 1 insect reward. However, the insect diet did not influence the birds' motivation to consume the freely 3 7 2 available wax worm, irrespective of dietary treatment; and birds solved on day one when other insects 3 7 3 (i.e. mealworms) were freely available, indicating that wax worms are a highly-valued and preferred 3 7 4 food reward. Furthermore the links between problem solving performance and the microbiota were 3 7 5 significant, even after controlling for dietary manipulation as a fixed effect (see Table S2 ). Thus we 3 7 6
suggest the change in the microbiome itself may well have caused the change in problem solving 3 7 7
performance. 3 7 8
How the gut microbiome impacts behaviour via the gut-brain axis may be attributed to the metabolic 3 7 9
functions of the microbial community itself (e.g. Stilling et al., 2016) , derived from the diets of the 3 8 0
host ( and ethical constraints, the aim of our study was to test diet-microbiome-behaviour relationships 3 8 5
within an ecologically relevant context that would translate to wild animals in their natural 3 8 6 environment. To control for nutritional deficiencies that may have an impact on behaviour 3 8 7
independent of microbiome, we provided vitamin supplements, though other nutritional differences 3 8 8 cannot be discounted. Fat content and fibre content was five-fold and three-fold higher in the seed diet 3 8 9
compared to the insect diet, respectively. Mice fed on high fat diets, or given microbiome 3 9 0 transplantations from obese donors show poorer cognitive performance than control mice (Magnusson 3 9 1 et al., 2015; Bruce-Keller et al., 2015); whereas, our study showed that birds fed the lower-fat diet 3 9 2 (i.e. insect) had poorer problem solving performance. Having a higher proportion of fibre present in 3 9 3
the seed diet may have offset any negative effects of a high-fat diet. Non-digestible carbohydrates are 3 9 4
fermented by gut microbes in the large intestines, promote the growth of microbial organisms and can 3 9 5
have positive effects on cognition and behaviour in mammals (reviewed in Cryan et al., 2019). 3 9 6
Metabolomics profiling would be an informative future endeavour to provide a functional assessment 3 9 7
of microbial products such as short chain fatty acids involved in gut-brain axis communication 3 9 8
(reviewed in Stilling et al., 2016; Heintz-Buschart & Wilmes, 2018; Cryan et al., 2019) to pinpoint 3 9 9
further the mechanisms underlying phenotypic plasticity in innovative behaviour. 4 0 0
Contrary to our predictions, we did not find that individual variation in problem solving performance 4 0 1 was positively associated with natural variation in microbial alpha diversity, as measured on the first 4 0 2 day in captivity and before dietary manipulation. Instead, beta diversity was dissimilar between 4 0 3 solvers and non-solvers, although this result was marginally non-significant and correlational. One 4 0 4
reason for the lack of an effect is that all of the birds were feeding on the same food at the feeders, and 4 0 5
individual variation in foraging on other food sources may simply not have been pronounced until we 4 0 6 manipulated the diet in captivity. Further manipulative investigations are needed to pinpoint causal 4 0 7
directions of these relationships under natural conditions, in particular whether innovative behaviour 4 0 8
leads to variation in microbial diversity through food access, or indeed whether innovation arises 4 0 9
because of microbial diversity caused by some other mechanism, such as developmental effects 4 1 0
related to habitat quality (Quinn et al., 2016) . Together our findings lend support to the hypothesis 4 1 1 that the gut microbiome, innovation and diet are interlinked, and more generally that the microbiome 4 1 2 may be an important source of variation in ecologically important behaviours, especially those linked 4 1 3
to diet and foraging. u  m  a  n  a  c  t  i  v  i  t  y  c  a  n  i  n  f  l  u  e  n  c  e  t  h  e  g  u  t  5  2  5  m  i  c  r  o  b  i  o  t  a  o  f  D  a  r  w  i  n  '  s  f  i  n  c  h  e  s  i  n  t  h  e  G  a  l  a  p  a  g  o  s  I  s  l  a  n  d  s  .   M  o  l  e  c  u  l  a  r  E  c  o  l  o  g  y  ,  2  8  ,   2  4  4  1  -2  4  5  0  .  5  2  6   K  u  z  n  e  t  s  o  v  a  ,  A  .  ,  B  r  o  c  k  h  o  f  f  ,  P  .  B  .  ,  &  C  h  r  i  s  t  e  n  s  e  n  ,  R  .  H  .  B  .  (  2  0  1  7  ) . l  m  e  r  T  e  s  t  P  a  c  k  a  g  e  :  T  e  s  t  s  i  n  5  2  7  L  i  n  e  a  r  M  i  x  e  d  E  f  f  e  c  t  s  M  o  d  e  l  s  .   J  o  u  r  n  a  l  o  f  S  t  a  t  i  s  t  i  c  a  l  S  o  f  t  w  a  r  e  ;  V  o  l  1  ,  I  s  s  u  e  1  3  (  2  0  1  7  ) . 
